Abstract. The use of fission energy in space power and propulsion systems offers considerable advantages over chemical propulsion. Fission provides over six orders of magnitude higher energy density, which translates to higher vehicle specific impulse and lower specific mass. These characteristics enable the accomplishment of ambitious space exploration missions. The natural radiation environment in space provides an external source of protons and high energy, high Z particles that can result in the production of secondary neutrons through interactions in reactor structures. Initial investigation using MCNPX 2.5.b for proton transport through the SAFE-400 reactor indicates a secondary neutron net current of 1.4x10 7 n/s at the core-reflector interface, with an incoming current of 3.4x10 6 n/s due to neutrons produced in the Be reflector alone. This neutron population could provide a reliable startup source for a space reactor. Additionally, this source must be considered in developing a reliable control strategy during reactor startup, steady-state operation, and power transients. An autonomous control system is developed and analyzed for application during reactor startup, accounting for fluctuations in the radiation environment that result from changes in vehicle location (altitude, latitude, position in solar system) or due to temporal variations in the radiation field, as may occur in the case of solar flares. One proposed application of a nuclear electric propulsion vehicle is in a tour of the Jovian system, where the time required for communication to Earth is significant. Hence, it is important that a reactor control system be designed with feedback mechanisms to automatically adjust to changes in reactor temperatures, power levels, etc., maintaining nominal operation without user intervention. This paper will evaluate the potential use of secondary neutrons produced by proton interactions in the reactor vessel as a startup source for a space reactor and will present a potential control methodology for reactor startup procedures in the event of source fluctuations.
INTRODUCTION
becoming rather insignificant at energies greater than 10 MeV per nucleon. ACR fluence can vary by as much as a factor of 500 from solar minimum to maximum, with the higher fluence being observed during solar minimum (Tylka et al., 1997) . During solar events, the solar proton fluence in Earth orbit increases, but the trapped particle radiation flux decreases due to a variation in the magnetic fields and atmospheric expansion. As a sum result of these effects, the trapped proton source can decrease by approximately a factor of two during solar maximum. Atmospheric expansion removes more trapped protons from the radiation belts due to the increased energy loss and scattering in the residual atmosphere.
CREME96 incorporates two models for the geomagnetic "weather" conditions. The "solar quiet" model assumes that all fields are present at nominal levels, with the output reflecting long-term averages of the particle fluence. The "stormy" model assumes that disturbances exist in the magnetosphere, decreasing the magnetic shielding of the Earth and increasing the ability of cosmic rays to access near-Earth space. In addition to geomagnetic conditions, CREME96 provides three different models relating to solar energetic particles. During a solar particle event (SPE), commonly referred to as a solar flare, increased particle fluence is observed in near-Earth space. The models included in CREME96 are based on the SPE that occurred in October 1989. The 1989 event was the largest in recent recorded history, in which instruments were available to record the full energy spectrum of the particles. A larger event was observed in 1956, but detailed information on the particle types and energy spectra for this event were not recorded. Hence, a conservative "worst-case" scenario is generally considered to demonstrate a particle fluence that is 10 times greater than the 1989 event (Wilson et al., 1997) . A potential mission for a fission-powered spacecraft utilizing a nuclear electric propulsion system is to the Jovian system. Although the specific reactor design has not yet been selected for such a mission, any of the possible reactor designs would require reactor startup at a nuclear-safe orbit in near-Earth space. The background condition selected for reactor startup was the environment at geosynchronous orbit during stormy geomagnetic conditions and at solar minimum. Minimum source conditions at solar maximum should also be considered to demonstrate that the reactor can be started with any probable background source. An "extreme" environment was characterized by the peak 5-minute flux recorded during the October 1989 event (Naval Research Laboratory, 1996) . Fig. 1 shows a comparison of the proton environments during each of these conditions, as well as a comparison to the flux at geosynchronous orbit during solar maximum. In the present analysis, only the proton component of the space radiation field is considered in secondary particle production due to limitations in the MCNPX 2.5.b code. The effect of high Z particles will be assessed in future analyses.
Baseline Space Reactor System: SAFE-400
Energetic protons can cause spallation in the reactor structure, producing a large number of secondary, lighter nuclear species, including neutrons that can initiate a chain reaction in fissionable material. Hence, a subcritical space reactor will have a sustained neutron population.
The SAFE-400 fission reactor, designed at Los Alamos National Laboratory (LANL) for use in unmanned, deep space missions, was used as a baseline reactor design to study the effect of the external radiation environment. SAFE (Safe, Affordable Fission Engine) is a fast spectrum, heatpipe cooled reactor designed to operate at 400 kW thermal (kWt) (Poston et al., 2002) . Reactor control is accomplished by cylindrical control drums housed within the radial reflector that surrounds the reactor core, each containing a section of E^C within a 120° arc. When rotated to the inner position, the E^C serves as a reactor poison, absorbing neutrons and preventing the reactor from becoming critical. As the control drums are rotated out, the reactivity is increased and the reactor can become critical. At a drum position of 90°, the effective multiplication is 1.00021 ± 0.00024, corresponding to a reactivity of nearly zero.
A complete detailed model of the SAFE-400 reactor was constructed using MCNPX 2.5.b (Waters, 2002 ). An axial cross section of the reactor model is shown in Fig. 2 . To compute the effects of the radiation environment on the neutron population in the reactor, the reactor control drums were positioned such that the system was subcritical (ke ff = 0.97695 ± 0.00022). The reactor was then bombarded isotropically with the proton flux discussed previously (see Fig. 1 ) and the resulting neutron population was quantified. 
THEORY: REACTOR CONTROL
Reliable reactor control is of imminent importance to reactor safety, both in terrestrial and space systems. For a space system, where the time for communication to Earth is significant, autonomous control is imperative. Based on feedback from reactor diagnostics, a controller must be able to automatically adjust to changes in reactor temperature and power level to maintain nominal operation without user intervention. Of particular interest to the present study is the ability of the reactor control system to provide appropriate control to start the reactor from a cold, zero-power condition in the presence of a time-varying external radiation source within a relatively short time.
During steady-state operation of a reactor at the nominal power level (e.g., 400 kWt), the neutron population in the reactor is significantly larger than the neutron population generated by external radiation sources. However, during startup, the reactor neutron population is very low and could be dominated by the secondary neutrons produced by interactions of the high energy protons and high Z particles in the external environment. The latter operational regime is of interest in the present study.
Model-based predictive control (MBPC) is investigated as a potential control methodology for reactor startup. MBPC is a closed-loop feedback approach that optimizes the control vector over a "receding-horizon" (Clarke, 1994; Morari, 1994) . At each sample time, an optimal control vector, u(t), is found over a pre-defined horizon of length /z, but only the first step in the control is actually applied to the plant. Optimization of the objective function over the same horizon is then repeated at the next sample time. Feedback from the current plant condition at each sample interval is determined from measurements; this feedback can be used to "realign" the control at each step, avoiding the accumulated errors that can result from open loop control. The cornerstone of MBPC is the model, and selecting an appropriate model for the system will determine the effectiveness of the controller in plant operation. In addition, MBPC requires that some terminal constraint be applied to reach a desired objective. A terminal equality constraint may be applied such that over an additional range of h points, the predicted plant output will equal the goal set for the controlled parameter.
System Model: Point Kinetics Equations
The reactor dynamics are modeled using the point kinetics equations (PKE), given as Eqs. (1), which can be derived from transport and diffusion theory (Hetrick, 1971) . The most important difference between fast and thermal reactors is the time scale for neutron reproduction, represented in the PKE by the prompt neutron lifetime, A. The PKE representation provides only an approximate model of the reactor; it does not provide a mechanism to describe neutron energy effects or structural details in a heterogeneous reactor. Because fast reactors are relatively small in size and do not contain any moderator to slow down the neutrons to a lower energy, the PKE are a good approximation for the dynamics in a fast reactor. The definitions of each term are provided in the Nomenclature section at the end of this paper.
The components of Eq. (la) represent the neutron production and loss rates from prompt neutrons, delayed neutrons, and the external source. The second balance equation (Ib) corresponds to the rate of production and loss of the delayed neutron precursors. Studies of reactor dynamics generally recognize six distinct groups of delayed neutrons. The initial studies of reactor control presented here will consider only one group of delayed neutrons having a decay constant, A, equivalent to a weighted average of the six individual decay constants. In the presence of an external source, Q, examination of the steady-state solution to the point kinetics equations indicates that a subcritical reactor (k e ff< 1) can be made to be self-sustaining. At steady-state, the reactivity is given by p = -Q / n ss , where n ss is the neutron population at steady state. Recalling that p = (k e ff-1) /k e ff, this result corresponds to k e ff< I when Q is nonzero. Hence, one would expect the final control drum position to correspond to a k e ffthat is slightly less than one in the presence of an external source. The reactor neutron population, n, can be converted to reactor power, P, using the expression in Eq. (2), where w corresponds to the amount of energy produced in a single fission reaction (w = 200 MeV/fissiori) and vis the number of neutrons produced per fission event.
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If we assume that there is no reactivity feedback present, then the system of differential equations presented in Eqs.
(1) is linear in n and C. However, the plant description is still highly nonlinear in its dependency on the angular position of the control drums, resulting in a nonlinear control problem. If temperature feedback is included in the expression for reactivity, p becomes p(n(t)), and the equations become nonlinear. At low power operation, as during startup, the reactor temperature is relatively low, such that temperature effects do not have a significant effect on the reactivity. Therefore, the present consideration will not include temperature feedback effects on the reactivity. Control to full power operation will require that feedback effects be added in the description of the reactor dynamics.
Control Methodology
In the reactor system described, the controlled parameter is the rate at which the control drums are rotated by the control drum drive motors. Given by Eq. (3), the rotation rate yields a time-dependent function for the angular position of the control drums.
The angular position of the control drums governs the amount of reactivity in the reactor. The reactivity as a function of control drum position 0 (in degrees) was computed using several kcode calculations in MCNPX, with the control drums incremented 30° in each subsequent run. In all cases, the error in the calculated reactivity was less than 0.04%. A fourth order polynomial was fit to the kcode results using a least squares fit in Microsoft Excel (R 2 = 1), providing a connection between the control vector and the reactor model. 
In MBPC, the present and future control actions are found by solution of an optimization problem. In defining a cost function, J, for the optimization, primary consideration is given to the difference between the present reactor power, Pft), and the desired reactor power, P goa i. Large changes in the control vector are also penalized to prevent oscillation in the control, improving the stability of the result. An additional penally, given by the parameter ftheta, is applied if the present iteration in the function minimization selects an CD leading to a # outside the desired range of 0° to 180°. This penalty provides a simple mathematical representation of a mechanical stop that would likely be present in the control drum drive, preventing the drums from rotating past 180° (0° represents the initial drum position prior to startup). The selected cost function is provided in Eq. (5). Appropriate values for the weighting coefficients a, b are selected for each control problem.
J = ftheta p(t)-P goa dt + au
MATLAB 6.1 was selected for computation of the optimal reactor control. Minimization of the cost function was accomplished using the fminsearch algorithm within MATLAB 's Optimization Toolbox. Fminsearch utilizes a Nelder-Mead simplex algorithm, a direct search method appropriate for multi-dimensional unconstrained nonlinear optimization (Lagarias, et al., 1998) , to find the minimum of the indicated function to a prescribed tolerance. In this case, the objective function that is minimized is given by Eq. (5), where the reactor power, Pft), was determined from solution of the PKE given in Eqs.
(1). To find a solution to the PKE within the MATLAB framework, a stiff ODE solver, ode!5s, is applied.
RESULTS AND DISCUSSION
Using MCNPX 2.5.b with a fully specified SAFE-400 reactor core, a tally of the secondary neutron current was obtained at the core-reflector interface, yielding a net current of 1.4xl0 7 n/s due to the space radiation environment at geosynchronous orbit in the presence of the 1989 solar particle event (peak 5-min flux). During steady-state full power operation, a 400 kWt reactor produces approximately 10 16 n/s. Typical terrestrial reactor start-up sources are on the order of 10 6 -10 8 n/s (Knoll, 1983) . Hence, the secondary neutron source would not be significant during full power operation, but these results do suggest that the natural radiation environment could provide a reliable start-up source.
Because the location of the secondary neutron source is significant to its importance, the core leakage current does not provide conclusive evidence that the reactor would reliably start. An additional MCNPX run was performed to compute the flux across the reactor core that results from the external proton source striking the reactor in 4-pi geometry. Fig. 3(b) shows the neutron flux in a subcritical SAFE-400 (k eff = 0.97695 ± 0.00022), revealing the expected cosine shape that corresponds to the fundamental mode. The flux level of 10 5 n/cm sufficient to start the reactor. For comparison purposes, a fission source was placed in the same subcritical geometry. The resulting neutron flux is shown in Fig. 3(c) . The similarity in the flux shape for the reactor started by the external radiation source and the one started by a typical fission neutron distribution is readily evident, although the magnitude of the flux is considerably greater in the latter simulation. To clarify the similarity in the neutron flux in each simulation, the results along the central cross section of the reactor were normalized to the maximum neutron flux in the central fuel pin for each simulation. The normalized curves plotted in Fig. 4 demonstrate that the external radiation source indeed provides a neutron flux distribution identical to the reactor started using a fission source. 
Results of Optimized Control Algorithm
Results of the control algorithm described in Eqs. (1-5) are provided in Fig. 5 . A power level of 1 kWt was selected as appropriate power level to initialize the reactor prior to full system operation at the nominal power level of 400 kWt. Startup to the selected power level is accomplished in under 5 seconds with minimal power overshoot. At this power level, heat pipe thaw can begin and the power conversion system can be initiated as the power level is further Fig. 3 (a) ) for the Externally-Started Reactor and the Reactor Started Using a Fission Source.
increased. The optimized control vector for the rate of rotation of the control drums is shown on the left-hand side of Fig. 5 , as well as the resulting angular position of the control drums. The final position of the control drums is 89.84 degrees. The result shown here corresponds to a constant external source of 10 6 neutrons/sec, a nominal background level for operation in the space radiation environment. For computational purposes, the prompt neutron lifetime is assumed to be 10~3 sec in the simulation presented here; this value will be adjusted to the more appropriate lifetime for a fast reactor (~10~7 sec) in subsequent versions of the control algorithm. Two separate power trajectories are shown in Fig. 5(b) and 5(d). The trajectory in Fig. 5(d) corresponds to the reactor power when the control is applied in a closed loop. The optimal control step is re-calculated at each sampling interval, and the control vector is modified to the appropriate value based on the present conditions in the plant. The trajectory in Fig. 5(b) corresponds to an open loop system. The optimal control vector pre-determined in the closed loop program was applied in a single step to the reactor system, but without the feedback provided in closed-loop control, the plant has no mechanism to make adjustments. The small numerical differences that result from solving the PKE on a short (~ 1 sec) versus a long (~ 100 sec) time scale cause the "after-the-fact" computation, utilizing a pre-determined control vector, to drift away from the desired power level because there is no active controller to push it back to the appropriate value. The open-loop system is slightly unstable, so the errors accumulate and the system drifts away from the desired power. This result clearly demonstrates the superior performance of the system when under feedback control.
The same control methodology applied above, in the presence of a constant background source, was also applied for a time varying source. As shown in Fig. 6 , the source was perturbed at times 3, 10, and 50 seconds after initializing startup procedures. The initial perturbation during the power rise causes a slight shift in the power (evident only when looking at reactor power over the early part of the control horizon), but the controller quickly recovers and approaches the goal of 1 kWt in approximately the same time as in the previous simulation. After achieving steady state power at 1 kWt, source perturbations have no effect on the reactor power because the neutron production rate in the reactor core is on the order of 10 14 n/s while the neutron source strength never exceeds 10 9 n/s. Hence, the controller proposed here is sufficiently robust to maintain reactor control in the presence of source fluctuations. Simulation of reactor control with shorter time increments (a control step of 1 sec was applied in the present implementation) may lend further insight to the reactor behavior in the presence of a time varying source.
CONCLUSIONS
The space radiation environment can provide sufficient neutron production to preclude the necessity of a source for reactor startup and can be of sufficient magnitude to affect reactor operations at low power. Results for the sample space radiation environment in geosynchronous Earth orbit generated a reactor neutron flux on the order of 10 5 n/cm 2 s and a corresponding leakage current on the order of 10 7 n/s, comparable to typical reactor start-up sources. Because a possible mission for an NEP vehicle is to the Jovian system, future work will analyze the reactor response in the presence of the intense Jovian radiation environment, where the particle fluence can be orders of magnitude greater than in near-Earth space (Jun et al., 2002) . Although low power operations are not be anticipated in the Jovian system, the potential response of the reactor in this radiation environment should be characterized should low power transients be necessary. Future work will also consider the additional neutron population generated by the Z>2 particles in the radiation environment. Because these components exist at very high energies, it is anticipated that they will cause significant spallation neutrons to be produced, increasing the background radiation environment in which the reactor must operate.
In an environment having a noisy external radiation source, considerable design efforts must go into constructing autonomous start-up and control procedures. The MBPC methodology presented here demonstrates that stable reactor operation with minimal overshoot of the desired power can be obtained in a very short time if robust feedback control is applied, in the presence of either a constant or fluctuating source. This control program will serve as a basis for future studies of reactor operation in more intense, highly variable radiation environments. 
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